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The Perpetual Challenge: Finding a Complementary Balance
of Depth and Breadth in an Engineering Curriculum -Approach of the Electrical Engineering Faculty
Abstract
The faculty of the School of Engineering conducted a thorough review of its ABET-accredited
undergraduate degree programs to assess and evaluate possible changes to our curricula, both
School-wide and ones specific to our programs. The aim of the intensive year-long study was to
maintain the principal strengths of depth, yet allow more opportunities for students to gain
additional breadth in preparation for success in a wide range of professional careers during the
increasingly global nature of engineering in the 21st century.
As engineering educators, we are certainly aware that finding such an appropriate balance
between depth and breadth of education, especially one with complementary aspects, is an
ongoing challenge. The balance point is not stagnant, but varies from time-to-time and place-toplace depending on societal needs and technological developments.
The focus of this paper is to summarize our curricular changes, with their rationale, beginning
with the ones that apply to all of our School's curricula. The major changes include reinstituting a
common first-year of study to aid students in selecting a major, enhancing the capstone design
sequence to encourage and facilitate more multi-disciplinary projects, and designating nine
semester hours of existing credits as "professional electives" that can be, for example, in
engineering, business, or foreign languages. The specifics of these curricular changes as adopted
and adapted for our Electrical Engineering program are highlighted in this paper.

Introduction
The main goal of the extensive review of our School's curricula was to identify curricular
changes that build on the existing strong foundation within each degree program while providing
additional opportunities for our engineering and computer science students to acquire the set of
knowledge and skills needed to be 21st century technological leaders. The existing strong
foundation includes technical depth combined with an extensive University liberal-arts core
curriculum, and the mission, vision, and program educational objectives for the School and each
degree program within the School.
This review assumed that future technological leaders will need a broad technical foundation at
the undergraduate level with opportunities to gain competency with both disciplinary and multidisciplinary design, real-world problem-solving, communications, ethics and professionalism,
global and multicultural perspectives, innovation and entrepreneurship, teamwork, computing,
sustainability, and business practices. We identified this set of competencies from various
national reports on the state of engineering education in the USA, ABET accreditation
requirements, as well as conversations with the School's external advisory committee during the
2010-2011and2011-2012 academic years. 1- 10

The Curricular Review Process
Under the leadership of the Advisory Council for the Engineering School (ACES) consisting of
the Dean, Associate Dean, and Program Chairs, the faculty completed a thorough review of each
of our four ABET-accredited undergraduate degree programs (CE, CS, EE, and ME) during the
2011-2012 academic year. In addition to making sure that our new curricula satisfy the latest
ABET criteria, including the Student Outcomes (SOs), we followed the guidance provided by
our recently developed Program Educational Objectives (PEOs), stated as follows: The School of
Engineering prepares graduates who will:
1. Be successful as practicing professionals in diverse career paths or in graduate school.
2. Distinguish themselves in breadth of perspective and the ability to solve complex
problems.
3. Be effective communicators and team members, with many assuming leadership roles.
4. Be active in their profession and participate in continuing education opportunities to foster
personal and organizational growth.
5. Demonstrate a concern for justice, ethical behavior, and societal improvement through
participation in professional and civic organizations.

We recognized that we might not be able to accomplish all of our goals for all of our students
during this stage of the review. We also recognized that as a small School within a small
University, we need to fully utilize the existing strong programs offered within other academic
units on campus as opposed to duplicating curricula. Some examples include the programs
offered by the University-wide Studies Abroad Office and Center for Entrepreneurship, the
School of Business Administration, and the College of A1is and Sciences (CAS). As such, we
focused on providing more curricular flexibility to allow students to take greater advantage of
these existing opportunities.

Summary of the Curricular Changes
A summary of the curricular changes, along with the rationale, follows. Our timeline for
implementation was to formalize these changes during fall 2012 so that they are in effect for the
graduation class of 2017 (students entering fall 2013). Students who started their degree
programs prior to fall 2013 will be allowed to switch to the new curricula if they do so in their
entirety; however, this will not be feasible for most students.

1. Common First Year:
Action: Move from a common first semester for incoming students to a common first year
by replacing the major-specific course currently required in the spring semester of the first
year with a new two-credit course, EGR 111 Engineering Computing with Applications. The
faculty in each of the four degree programs identified ways to move, or eliminate their majorspecific course from the first year.

EGR 111 Engineering Computing with Applications - 2 er. hrs.
Introduction to programming in MATLAB®: numeric, Boolean, and string variables; flow
control structures; vectors and matrices; and script and function files. MATLAB® will be
studied in the context of multiple engineering disciplines with applications. (No
prerequisites)
Note: This move will be relatively minor for our Electrical Engineering program since we
have already had a similar course, EE 111 Introduction to Multimedia Processing (2 credit
hours), for several years. The general principles of programming are introduced and students
write MATLAB® programs to explore applications such as music synthesis, audio filtering,
and image enhancement.

Rationale: Most of our students are traditional teenagers entering college directly from high
school. While they have indicated an interest in engineering and/or computer science, most
do not understand what engineers do, nor do they understand the differences between the
majors. Currently, these students have to decide their major by the pre-registration period for
spring semester (November of their first fall semester) after being on campus for a mere 2.5
months. Extending this decision until late February or early March of their first spring
semester (pre-registration for the following fall) gives them more time to talk with faculty
and upper-class students, complete EGR 110 Introduction to Engineering, attend student
chapter meetings, and so on to better inform their choice of major.
The EGR 111 course will provide the students with a common background in MATLAB®
computational software and more exposure to different engineering applications to help them
as they decide a major. This background in MATLAB® can then be applied in their
sophomore-level and higher courses, engineering practice, and graduate studies.
A common first year should also make it easier for undecided CAS students and students in
other professional schools to switch to an engineering or computer science major before the
start of their sophomore year, provided they take the necessary mathematics and science
courses during their freshman year.
Note: Computer Science majors will not patticipate in the common second semester of the
first year since it is viewed by the CS faculty to be more important for their students to take
CS 203 Introduction to Computer Science at that time to maintain curricular flexibility in
subsequent years. Students undecided between CS and an engineering major will be advised
to take EGR 111, which they can use for elective credit should they decide to major in CS.
2. Multi-disciplinary Capstone Design Experiences:

Action: To encourage and facilitate multi-disciplinary design experiences, revise the current
two-course design sequence at the senior level that consists of differing credit hours
depending upon the program. In its place, create a uniformly consistent three-course, 6
semester hours design sequence that begins in the junior year and continues throughout the
senior year. This new sequence includes the following components:

a) Professional Practice Course:

Action: Create and require a one-credit course, EGR 300 Introduction to Capstone
Project, for all juniors during the spring semester. The course is intended to:
1.
2.
3.
4.
5.

Prepare students for the senior year capstone design project,
Introduce techniques to assist with project management,
Discuss career options, including graduate school,
Participate in discipline-specific professional endeavors, and
Require students to select or propose a project, whether multi-disciplinary or
discipline-specific, to be addressed during the senior year.

While faculty-led, this course will benefit from utilizing guest lecturers from the local
engineering and computer science community.

EGR 300 Introduction to Capstone Project - 1 er. hr.
Preparation for the senior capstone courses in the School of Engineering. Students
practice project management tools and techniques and learn about the requirements for
senior design projects. Project ideas proposed by clients from the University and the
professional community will be discussed and assessed. Additional material is presented
on career planning, professionalism and some discipline-specific topics. Students
conclude the course by forming a team and preparing a preliminary project proposal.
(Prerequisite: Upper-division standing)
b) Multi-disciplinary Senior Capstone Design Project Option:

Action: Revise the current year-long capstone design sequence in the senior year to have
uniformity between majors of two credits in the fall semester and three credits in the
. spring semester. There will be five versions of the two-course capstone sequence
including a disciplinary version for each of the four degree programs, CE/CS/EE/ME
4831484 Capstone Project I and II, plus a multi-disciplinary version, EGR 4831484 MulUdisciplinary Capstone Project I and II, available for those students who want to team
with students from different majors to work on a project that requires diverse sets of
expertise.

EGR 483 Multi-disciplinary Capstone Project I - 2 er. hrs.
A major design experience based on the knowledge and skills acquired in earlier course
work, incorporating appropriate standards and multiple realistic constraints, and requiring
the expertise of two or more disciplines. Projects have some combination of the following
characteristics: realism, communication, exposure, teamwork, learning, and related
opportunities. Each project consists of at least two students pursuing different majors.
Students are required to meet all disciplinary-specific requirements for their majors
separate from the design project. (Prerequisite: EGR 300)

EGR 484 Multi-disciplinary Capstone Project II - 3 er. hrs.
Continuation of a major design experience based on the knowledge and skills acquired in
earlier course work, incorporating appropriate standards and multiple realistic constraints,
and requiring the expertise of two or more disciplines. Projects have some combination of
the following characteristics: realism, communication, exposure, teamwork, learning, and
related opportunities. Each project consists of at least two students pursuing different
majors. Students are required to meet all disciplinary-specific requirements for their
majors separate from the design project. (Prerequisite: EGR 483)
Note: The EE and CS programs already share a common 6-credit hour capstone design
project sequence at the senior year. It consists of common lectures by the
coordinator/instructor to guide the students in the selection, preparation, and
implementation of their design projects. Joint teams of EE and CS students are
encouraged. The main change to our current EE/CS capstone design project sequence is
that one credit of design project preparation will be moved from the fall semester of the
senior year to the newly created EGR 300 Introduction to Capstone Project course in the
second semester of the junior year.
EE 483 Electrical Engineering Capstone Project I - 2 er. hrs.
A major design experience based on the knowledge and skills acquired in earlier course
work and incorporating appropriate standards and multiple realistic constraints. Projects
have some combination of the following characteristics: realism, communication,
exposure, teamwork, learning, and related opportunities. (Prerequisite: EGR 300)
EE 484 Electrical Engineering Capstone Project II - 3 er. hrs.
Continuation of a major design experience based on the knowledge and skills acquired in
earlier course work and incorporating appropriate standards and multiple realistic
constraints. Projects have some combination of the following characteristics: realism,
communication, exposure, teamwork, learning, and related opportunities. (Prerequisite:
EE 483)
Rationale: Many real-world engineering and computer science projects include teams of
engineers and non-engineers with different expertise and perspective working together to
solve complex technical problems. In addition, ABET Criterion 3 Outcome (d) states that
students should have the ability to function on multi-disciplinary teams. This change will
expose all students to the components of multi-disciplinary projects. It will also enable
interested students to more easily gain a multi-disciplinary experience with students
within and outside the School of Engineering as a formal part of their senior capstone
projects. In addition, this change will allow the School's faculty to assess and evaluate
the use of multi-disciplinary capstone projects.
3. Nine-credits of Professional Electives:
Action: Revise the CE, CS, EE, and ME curricula to include nine-credits of professional
electives. The professional electives may be a combination of courses (each 3-credits or more
unless approved by the program chair) offered by the University at the 200-level or higher

and pre-approved by the student's advisor. The professional elective credits may be used
towards courses offered by the Donald P. Shiley School of Engineering, a University minor,
or an approved course cluster. Professional elective credit may not be awarded for AP, IB, &
CLEP examinations or ROTC credit since the intent is for the student to use this option to
enhance their engineering education as undergraduates.
Faculty in the four degree programs have identified changes to the current curricula to allow
for these professional electives while maintaining rigorous programs that satisfy ABET
criteria and considering the future educational needs of their disciplines. This action was
accomplished by modifying the technical requirements for each major while minimizing the
impact to the total number of credits required for graduation. To free up credit hours for
increased curricular flexibility in the Electrical Engineering program, we changed some
required courses to be electives; including, automatic control systems, communications
systems, and microprocessor interfacing & communications. The result is that the Electrical
Engineering program increases slightly from 130 to 131 semester hours for graduation.
Electrical engineers improve people's lives by designing, testing, and supporting a wide
range of products and systems; such as, medical imaging, renewable energy, robots, wireless
communications, computers, and all s01is of electronic devices. As such, the EE faculty
identified the following potential areas of focus for our majors through their choice of
electives: communication and control systems; computers and robotics; electronics and
instrumentation; and energy and power systems. We provide a list of suggested technical
electives, categorized into different areas of focus, for students and faculty, patiicularly for
advising during pre-registration week for the next semester. Duplication of courses listed in
each category of electives is not an issue as it further helps them understand that a technical
elective course is often useful in multiple areas of interest.

Rationale: In general, the three ABET-accredited undergraduate engineering degree
programs (CE, EE, and ME) offered by the School of Engineering are highly prescripted and
do not include the option for students to select courses outside of their major, other than the
courses needed for the University's core curriculum. [The ABET-accredited CS program
differs somewhat in this regard, there are a few exceptions in the EE degree program, and
there are some exceptions for mathematics and science electives.] Our curricula are way
above the ABET engineering science credit requirements and expectations. The result is that
students find it difficult to take elective courses outside of their majors in the School that may
be helpfu1 for their particular area of interest, e.g., biomedical, robotics, sustainability,
energy, etc. In addition, students find it difficult to take advantage of other University
programs that may be of interest and/or offer direct benefits to their careers, e.g., University
minors, E-Scholars, study abroad, foreign languages, etc.
This change will allow students, in consultation with their advisers, some degree of curricular
customization for a School of our small size. We recognize that many students will choose to
continue to take technical courses in their majors that will serve them well; however, others
will be able to enhance their undergraduate degrees in different ways.

An additional consequence of this change is that there will no longer be just two defined
tracks within CE (civil and environmental) and EE (electrical and computer with little
difference currently between them). [CS and ME do not have tracks within their programs.]
Consolidating the tracks within the programs allows the students to focus their electives
beyond simply two choices within each program.
A Key Professional Electives Course:
BUS 364 Innovation - 3 er. hrs.
Examines the key elements of innovation generation and managing innovation from both
individual/team and organizational perspectives. Positions successful innovation outcomes as
contributing to a firm's competitive advantage. Explores innovation as a creative problemsolving capability that is applied to a wide variety of market opp01tunities and
social/institutional challenges. (Prerequisite: Junior status. BUS 360 recommended.)
Action: While only the CS majors will be required to take an existing three-credit innovation
course, BUS 364 Innovation, engineering majors can choose to use one of their professional
electives for this option. At this time, requiring all of the students in the Engineering School
to take this course is burdensome for the Business School. However, this change provides an
opportunity for both Schools to assess and evaluate the benefits for students over the long
term.
Rationale: The current CS curriculum does not include a designated course that covers
business fundamentals. [All engineering majors take EGR 351 Engineering Economics.]
Having basic understanding of business is important for undergraduate engineering and
computer science majors given the impact of business decisions on technology projects, and
vice versa. After reviewing the various options, including discussions with faculty in the
Business School, the CS faculty determined that BUS 364 is the most appropriate course
since it combines some business fundamentals with the process of technological innovation.
Other Examples of Professional Electives Courses:
EGR 387 Service Learning in Engineering - 1 er. hr.
Faculty-directed student outreach experience in community settings. Before enrolling, a
student must meet with a faculty member to define goals for the project. May be repeated for
up to 3 credits. (Prerequisites: Junior standing and permission of instructor.)
EGR 430 Global Engineering - 3 er. hrs.
Introduction to how to design, make decisions, and communicate more effectively in a
competitive global working environment for engineers and computer scientists. Students are
introduced to globalization with a case study format and real industrial projects ranging from
design to supply chain and logistics problems. Students are required to paiticipate in the
international field trip that complements the course and occurs during the mid-semester
break.

Plan to Assess and Evaluate the New EE Curriculum
The plan to assessment and evaluate the new EE curriculum that will officially begin with the
incoming freshman class of Fall Semester, 2013, is expected to include several comparative
components based on the results of internal and external examinations, the number of broadening
academic pursuits by students, and an alumni survey.
To ensure that the technical aspects of the students' education are not negatively affected in a
significant way, we can monitor the results of our internally-created EE Comprehensive
Examination administered to all EE graduating seniors during the middle of the Spring Semester.
The results can be compared to those that we have for several years for the pre-2013 curriculum.
In addition, a similar comparison can be undertaken on the results obtained by our EE graduating
seniors who take the national Fundamentals of Engineering (F. E.) Examination.
To assess and evaluate some of the expected positive aspects of the curricular changes, the
number of students who pursue a minor, Entrepreneur Scholars (E-scholars)© program, study
abroad, or co-op program can be tracked. On a longer-term basis, alumni survey responses
regarding career progression, etc., can be analyzed.

Summary
It is important that we have curricula that teach our undergraduate students how to learn and
enable them to be confident in their abilities as they prepare for professional practice or graduate
studies. The changes described in this paper that lead to greater curricular flexibility and choices
for our students also means that it will be easier for them to schedule valuable complementary
learning experiences into their undergraduate studies.
We had many faculty discussions over several months, particularly on the nature and extent of
the professional electives in the curricula; that is, what is the optimum balance between depth
and breadth of study for our students at this time in history. We eventually and collectively
arrived at the curricula changes reported above to be implemented beginning with the 2013-2014
academic year.
Experience shows us that such assessments and evaluations are both challenging and perpetual in
their nature and importance. This has not been the first such in-depth examination of our
curricula, and it is important for our students, the engineering profession, and society that it not
be the last.
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Use of an Analogy to Demonstrate the Origin and Nature
of Steady-State Errors in Control Systems
Abstract
An introductory control systems course can be challenging to undergraduate students due to
its fairly sophisticated mathematical nature. For example, it can be difficult to comprehend how
even a system composed of perfect components could have a steady-state error. To help students
understand such non-intuitive concepts, it is beneficial to offer them a visual example that
involves a familiar scenario. This paper describes a car race analogy which leverages these two
complementary techniques in a one semester course for juniors and seniors in automatic control
systems.
The analogy consists of two competing cars of differing masses and air drags with various
inputs via the gas pedal. Equations of motion are presented for the displacement, velocity, and
acceleration for step, ramp, and parabolic inputs. MATLAB® software is used to solve the
equations and plot the results for analysis and comparison. This familiar illustrative scenario
allows students to discover easily and quickly how steady-state differences (analogous to errors)
depend on the nature of the system and its type of input. It also demonstrates the effects of some
easily understood corrective actions to reduce or eliminate the differences and reinforces
understanding of the derivative-integral relationships between the displacement, velocity, and
acceleration responses.
The graphical nature of this illustration fits well with the visual learning style of many
students. Through this multi-faceted investigative analogy, they gain an intuitive understanding
of steady-state errors as a complement to the traditional mathematical treatment. Results of a
voluntary survey completed by the students indicated that they found the car race analogy helpful
in understanding the origin and nature of steady-state errors in control systems.
I. Introduction

Steady-state errors are an important consideration of control systems in a multitude of
applications, such as the use of machine tools and robotics in manufacturing. As such they form
a key aspect of the theory of control systems that students must understand. The origin and
nature of steady-state errors can be easily discovered by students fairly early in their study of
control systems. This preparation is helpful as background for the more mathematically
challenging aspects of corrective design measures, such as the use of proportional-integralderivative (PID) compensators, which typically follow later in their study of control systems.
Through a simple graphical example introduced in a lecture, the instructor can guide students
to understand how steady-state errors can occur in a system. If time allows, the students can
investigate the example in more depth as a homework assignment or on their own initiative.
That such errors can occur in a system, even if it could be composed of ideal components, is not
intuitive to most students. The MATLAB® numeric computation software package, as used in
this paper, can readily perform the simple calculations and construct plots of the results to

demonstrate the origin and nature of steady-state errors for various values of system parameters
and types of input signals.
The graphical example of a car race analogy presented in Section III of this paper is designed
to match the preferred learning style of most engineering students which is visual, sensing,
inductive, and active; and it provides balance to the traditional lecture presentation which is
usually auditory, intuitive, deductive, and passive. 1 As preparatory background to the car race
analogy, the author's pedagogy in engineering courses makes extensive use of analogies and
demonstrations to illustrate concepts, as described in the following section.

II. Pedagogy--Extensive Use of Analogies and Demonstrations
To address and enhance the varied learning styles of students in a typical engineering class,
the author uses an array of supplemental teaching approaches, including the use of a numerical
exercise to demonstrate the effects of feedback, to complement the primarily lecture style in this
introductory course on automatic control systems. 2 While most of the course with its
prerequisite of ordinary differential equations is devoted to developing and applying the theory
in this mathematically-based course, several complementary analogies and demonstrations are
used to help the students understand the underlying concepts and performances. The focus is
primarily on first and second order systems, and especially ones dealing with motion control
since the class typically includes both electrical and mechanical engineering students.
After extensive coverage in several lectures of the underlying mathematical theory of the
position and speed of a motion control system, the response of the system to a step input is
demonstrated in the laboratory using a configurable MS 150 Modular Servo System from
Feedback, Inc. Important aspects of this hardware demonstration include the effects of gain,
inertia, and damping on the response of the system. Students often express appreciation and
state that this complementary demonstration helps to make the theory more meaningful to them
and, hence, the motion responses less mysterious and more understandable.
Damping is an important factor in motion performance as graphically illustrated for the car
race analogy in the next section of this paper. To demonstrate to students the effect of damping
on the responses of systems using readily available materials, clear glasses of liquids with
different viscosities are placed on a table and then a leg of the table is given a swift,
unannounced kick, often startling the students! This physical action (without breaking a toe as
yet!) approximates the application of an impulse excitation to the system and the resulting
impulse responses for different levels of damping. As another demonstration of damping, the
classroom door with its damping cylinder is opened some and then slowly pulled shut. For
comparison of the required pulling forces, the door is opened again, but then quickly pulled shut.
(So far, the door has not been pulled off its hinges during this enthusiastic demonstration of the
effect of damping!)
The subject of this paper is a car race analogy, refined over several years, used to help
students understand the potentially perplexing concept of steady-state errors in systems.
Coverage of this topic occurs about mid-semester following a review of the Laplace Transform,
developing mathematical models for components and systems of components using transfer

functions, and analyzing the responses of feedback control systems by hand and with
MATLAB® software. As a close follow-up to the introduction of steady-state errors, the use of
PID compensators is investigated to improve system performance, including eliminating steadystate errors.
In particular, the primary aim of this car race analogy is to graphically show students how
steady-state errors can occur even if one could build a system using perfect components. An
error can occur in the steady-state response following a transient depending on the nature of the
system (such as its mass and damping) and the type of input (such as a step, ramp, or parabolic
change). As an added benefit of graphically displaying the displacements, velocities, and
accelerations of the two cars in a race, the plots reinforce how these variables are related though
derivatives and integrals that the students first encountered in calculus and applied in physics.
To relate to as many students as possible, a race between runners is mentioned to them as a
similar analogy.
Details of the illustrative car race analogy with the equations of motion and the comparative
responses of two racing cars for various mass and damping conditions and types of inputs are
presented in the next section. The equations, along with the sample MATLAB® program in the
Appendix, will enable interested readers to implement the graphical demonstration for their
students.

III. Illustrative Car Race Analogy
Imagine that two cars, labeled as Car # 1 and Car #2, are in a car performance race at an
automobile test track. Car# 1, with its lighter mass M and more streamlined design yielding less
air drag as represented through a viscous damping coefficient B, will be considered as the
reference car. The following analyses will determine the differences in car performance of
displacements, velocities, and accelerations as a function of time, including the steady-state
differences which can be considered as analogous to steady-state errors in control systems. The
race scenario is represented in the block diagram of Figure 1.

Car #1

Y1(t)

y3(t) = YI (t) - Y2(t)
I- - - - - - - - - - I
I
I

:

- -.~1
.
I
I
I
I

Car #2

I
I
1

Y2(t)
I

----------"'

Fig. 1. Block diagram.

The motion of each car can be represented in the time domain by the following general
differential equation of Newton's Second Law:
Md 2y(t)/dt2 + Bdy(t)/dt + Ky(t)

=

x(t)

(1)

where M is the mass of a car, B is the viscous damping coefficient representing air drag, and K is
the "spring" constant taken as zero in this simple modeling of car motion, and where x(t) is the
input (force excitation resulting from pressing the gas pedal) and y(t) is the output (displacement
response of a car).
The Laplace transform of this differential equation is:
Ms 2Y(s) + BsY(s) + KY(s) = X(s)

(2)

where X(s) and Y(s) are the Laplace Transforms of x(t) and y(t), respectively. 3
The displacement, velocity, and acceleration responses of the two cars for various car and
input parameters are illustrated in the following sections. For simplicity, units for the parameters
and variables are not included in the equations of motion of the two cars.

A. Displacement, Velocity, and Acceleration Responses of Each Car to a Step Input.
Select the following parameter values for the two cars, with Car #2 heavier (larger M value)
and less streamlined (greater B value) than Car# 1:
Car #2:

Car #1:

M1 = 1.25; B2 = 1.25; K2 = 0
1) Displacement for a Step Input: The transfer function for displacement is
I
T n(s) = Y(s)/X(s) = -----------------Ms2 + Bs + K

(3)

where, for a step input, X(s) = A/s corresponding to x(t) = Au(t) where A is the amplitude of the
step with u(t) being the unit step function, giving the displacement, Y(s), as
I

Ds(s)

= ------------------

2
Ms + Bs + K

(A/s)

(4)

Note: The MATLAB® program used in this paper to generate the displacement responses of
the two cars to unit step inputs is listed as an example in the Appendix.

The displacements of the cars for identical step inputs with A 1 = 1 and A 2 = 1 are shown in
Figure 2.
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Fig. 2. Displacements of the cars for step inputs.
The difference of the car displacements for step inputs tends toward infinity as demonstrated
in Figure 2.

2) Velocity for a Step Input: The transfer function for velocity is
s
Tv(s) = [sY(s)]/X(s) = -----------------Ms2+ Bs + K

(5)

where, for a step input of amplitude A, the velocity, sY(s), is
s

1

V s(s) = ----------------- (A/s) = ----------------- (A)
2
2
Ms + Bs + K
Ms + Bs + K

(6)

The velocities of the cars for identical step inputs with A 1 = 1 and A 2 = 1 are shown in Figure

3.
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Fig. 3. Velocities of the cars for step inputs.
The difference of the car velocities for step inputs tends toward a finite value as
demonstrated in Figure 3. In addition, the velocity plots in Figure 3 correspond, as expected, to
the rate of change (slope or 1st derivative) of the displacement plots of Figure 2.

3) Acceleration for a Step Input: The transfer function for acceleration is
s2
2
T A(s) = [s Y(s )]/X(s) = -----------------Ms2 + Bs + K

(7)

where, for a step input of amplitude A, the acceleration, s2Y(s), is
1
s2
As(s) = ------------------ (A/s) =------------------(As)
Ms 2 + Bs + K
Ms 2 + Bs + K

(8)

The accelerations of the cars for identical step inputs with A 1 = l and A 2 = l are shown in
Figure 4.
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Fig. 4. Accelerations of the cars for step inputs.
The difference of the car accelerations for step inputs tends toward zero as demonstrated in
Figure 4. In addition, the acceleration plots in Figure 4 correspond, as expected, to the rate of
change (slope or 1st derivative) of the velocity plots of Figure 3.

B. Displacement, Velocity, and Acceleration Responses of Each Car to a Ramp Input.
Select the same parameter values as applied in Section III.A for the two cars.

1) Displacement for a Ramp Input: For a ramp input, X(s) = A/s 2 corresponding to x(t) =
Atu(t) where A is the rate of change (slope) of the ramp, giving the displacement, Y(s), as

1
DR(s) = ------------------ (A/s 2)
2
Ms + Bs + K

(9)

The displacements of the cars for identical ramp inputs with A1 = 1 and A 2 = 1 are shown in
Figure 5.
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Fig. 5. Displacements of the cars for ramp inputs.
The difference of the car displacements for ramp inputs tends toward infinity as
demonstrated in Figure 5.

2) Velocity for a Ramp Input: The corresponding ramp velocity, sY(s), is
s
1
2
VR(s) = ------------------ (A/s ) = ------------------ (A/s)
2
2
Ms + Bs + K
Ms + Bs + K

(10)

This is the same result as the function for displacement with a step input (Equation 4).
Therefore, the velocity responses of the cars to ramp inputs are the same as the displacement
responses of the cars to step inputs as shown in Figure 2.

3) Acceleration for a Ramp Input: The corresponding ramp acceleration, s2Y(s), is
2

s
1
2
AR(s) = ------------------ (A/s ) =------------------(A)
2
2
Ms + Bs + K
Ms + Bs + K

(11)

This is the same result as the function for velocity with a step input (Equation 6). Therefore,
the acceleration responses of the cars to ramp inputs are the same as the velocity responses of the
cars to step inputs as shown in Figure 3.

C. Displacement, Velocity, and Acceleration Responses of Each Car to a Parabolic Input.

Select the same parameter values as applied in Sections III.A and III.B for the two cars.

1) Displacement for a Parabolic Input: For a parabolic input, X(s) = A/s 3 corresponding to
2
x(t) = (A/2)t u(t) where A is the rate of change (slope) of the parabola, giving the displacement,
Y(s), as
1

Op(s) =

------------------

(A/s 3)

(12)

2

Ms + Bs + K
The displacements of the cars for identical parabolic inputs with A 1 = 1 and A2 = 1 are shown
in Figure 6.
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Fig. 6. Displacements of the cars for parabolic inputs.
The difference of the car displacements for parabolic inputs tends toward infinity as
demonstrated in Figure 6.

2) Velocity for a Parabolic Input: The corresponding parabolic velocity, sY(s), is
1

s
Vp(s) = ------------------ (A/s
2
Ms + Bs + K

3

)

= ------------------ (A/s2 )
Ms 2 + Bs + K

(13)

This is the same result as the function for displacement with a ramp input (Equation 9).
Therefore, the velocity responses of the cars to parabolic inputs are the same as the displacement
responses of the cars to ramp inputs as shown in Figure 5.

3) Acceleration for a Parabolic Input: The corresponding parabolic acceleration, s2Y(s), is
2

1

s

Ap(s) = -----------------2
Ms + Bs + K

(A/s 3)

= ------------------ (A/s)
Ms 2 + Bs + K

(14)

This is the same result as the function for velocity with a ramp input (Equation 10), or for
displacement with a step input (Equation 4). Therefore, the acceleration responses of the cars to
parabolic inputs are the same as the displacement responses of the cars to step inputs as shown in
Figure 2.

D. Summary of Steady-State Differences.
The results of the steady-state differences (analogous for illustrative purposes to traditional
steady-state errors in control systems) of the displacement, velocity, and acceleration responses
for step, ramp, and parabolic inputs for this illustrative car example are summarized in Table I.
Table I. Summary of Steady-State Differences

Displacement
Velocity
Acceleration

Step
Infinite
Finite
Zero

Ramp
Infinite
Infinite
Finite

Parabolic
Infinite
Infinite
Infinite

The results in Table I agree whether obtained by examining the responses in the time-domain
as t approaches infinity, or obtained in the s-domain by applying the Final-Value Theorem of
Laplace Transform Theory. 3-5 As expected, rapidly changing inputs make it difficult for Car #2
with its larger mass and greater air drag to match the performance of Car # 1.

E. Implementation of Changes to Impact the Car Performances.
The performance of control systems depends on the nature of both the system and its input,
as illustrated by varying the car and input parameters of this illustrative example, such as
follows:

1) Impact of Car Parameters on Pe1formance: As observed in the above figures, the
displacement, velocity, and acceleration of Car #2 with its larger mass and greater damping (air
drag) system characteristics lag those of Car# I for identical inputs. One way to enable Car #2 to
catch up with Car# 1 in performance is to redesign it to use lighter materials to reduce its mass
and to make it more streamlined to reduce its air drag.

To model this scenario, select the following identical parameter values for the two cars, with
the parameters of Car #2 equal to those of Car # 1:
Car #1:

Car #2:

To illustrate the car performances for this scenario, the drivers apply step inputs of equal
amplitudes to the gas pedals, specifically A 1 = 1 for Car #1 and A1 = 1 for Car #2.
As expected with identical parameters values for both cars, the displacements, velocities, and
accelerations of the cars for step inputs of equal amplitudes are identical to those of Car I in
Figures 2, 3, and 4, respectively.

2) Impact of Input Parameters on Pe1formance:
a) D;splacements of the Cars for Different Step Inputs:
As observed in Figures 2-6, the displacement, velocity, and acceleration of Car #2 with its
larger mass and greater damping (air drag) system characteristics lag those of Car # 1 for
identical inputs. Another way to enable Car #2 to catch up with Car #1 in performance is for the
driver of Car #2 to apply more input to the gas pedal than by the driver of Car # 1.
To model this scenario, select the same parameter values as applied in Sections III.A and
III.B for the two cars:
Car #1:

Car #2:
M1=1.25; B2 = 1.25; K2 = 0

To illustrate the car performances for this scenario, apply a step input of amplitude A 1 = 1 for
Car #1 and a step input of larger amplitude A 2 = 1.25 for Car #2.
With different parameters values for the cars, the displacements, velocities, and accelerations
of the cars for step inputs of the selected compensating amplitudes are identical to those of Car 1
in Figures 2, 3, and 4, respectively.

b) Displacements of the Cars for Step versus Ramp Inputs:
Another way to enable Car #2 to catch up with Car #1 in performance is for the driver of Car
#2 to increase the input to the gas pedal over time, eventually exceeding the input by the driver
of Car #1.
To model this scenario, select the same parameter values for the two cars as used in Section
III.E.2.a.
To illustrate the car performances for this scenario, apply a step input of amplitude A 1 = 1 for
Car #1 and, for example, a ramp input of slope A2 = 0.5 for Car #2. The resulting displacements
of the two cars are shown in Figure 7.
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Fig. 7. Displacements of the cars for step versus ramp inputs.
As observed with different parameters values for the cars, the displacements of the cars for
step versus ramp inputs are different as shown in Figure 7. Car #2 eventually catches, and
passes, Car #1. Similarly, the velocities and accelerations of the cars for step versus ramp or
parabolic inputs will be different.
IV. Assessment and Evaluation of the Car Race Analogy
A copy of the manuscript of this car race analogy paper was distributed to the students prior
to analytical coverage of steady-state errors. The nature and differences of the transient

responses and their steady-state errors for various system characteristics and types of inputs were
then explained to them as a tutorial using the graphical results in this paper.
To assess and evaluate the effectiveness of the car race analogy to explain steady-state errors
in automatic control systems, the students were asked to provide their opinions using a survey
form. Space was available on the form for them to also provide comments and suggestions.
The course enrolled 14 students, consisting of 6 women and 8 men in 2010, and 20 students,
with 7 women and 13 men, in 2011. Nineteen (56%) of the 34 combined number of students
enrolled in this fall semester, 3-credit hour, course responded to this voluntary survey shown in
Table II.
Table II. Survey to Assess and Evaluate the Effectiveness of the Steady-State Error Analogy
EGR 404 Automatic Control Systems (3 credit hours)
(Combined Results for Fall Semesters 2010 and 2011)
Questions:
1. Did you have any previous knowledge of
steady-state errors?
2. Did the analogy motivate you to learn more
about steady-state errors?
3. Did it increase your understanding of the
sources of steady-state errors in automatic
control systems?
4. Did it increase your understanding of the
effects of steady-state errors on the
performance of automatic control systems?
5. Do you recommend the use of this analogy in
future offerings of the course?

7

Very
Little
8

6

12

I

9

8

2

11

8

10

9

Very
Much

Acceptably

Not at
All
4

Comments about the Effectiveness of the Analogy:
• This analogy was very understandable and related to real life examples. This made it
easy to comprehend. The analogy was well researched and made a clear relationship
between negative feedback and stability. It was also amazing how it applied to different
order systems.
• Was very helpful and useful for me in my senior project class.
• It is indeed useful. I still visualize it when working with control/feedback systems in
other classes.
• The analogy was very easy to imagine in the case of the car race because I drive a car and
have first-hand knowledge of how driving a car works. By taking an analogy that was
easily translated and related to everyday life, I believe I was more accurately able to
understand steady-state errors.
• The analogy helped me to understand what would happen due to errors, but not what
caused them.

•
•
•
•
•
•
•
•
•
•

•
•

I could relate to it just fine. It made sense and I saw the connection easily.
I think if effectively illustrates the problem of steady-state errors. It helps to picture and
bring physical meaning to steady-state error which is a hard problem to understand.
Applying the concept of steady-state errors to something that everyone has a general
understanding of, racing cars, is very helpful.
Very simple analogy; makes the concept easy to understand.
I liked the analogy because it is easy to understand. Most people can grasp the idea of
how weight and engine performance can affect the acceleration and velocity of a car.
The analogy offers a better understanding of steady-state errors because the analogy is
based on the well known concept of cars with displacement, velocity, and acceleration.
Easy to relate to and understand.
The analogy really described the importance and different effects of steady-state errors.
The different examples showed the variation of the errors.
The analogy was very clear; I liked how one car was used as a baseline to compare with
car 2.
Good description of each scenario before analysis was shown. Helpful introduction to
get us started in understanding steady-state errors. Very, very helpful comments about
what we should notice in each graph, even in comparison to others.
I thought it was great to relate topics such as position, velocity, and acceleration to a
system familiar to everyone - cars.
It was easy to understand.

Suggestions for Improvements of the Analogy:
• Though the analogy was very easy to understand and imagine, I think it could be bettered
in the way you present the analogy. Try and find a way to keep it fun and engaging.
• Perhaps use an analogy that would help the students to understand both what causes
errors and what would happen to the system due to errors.
• I have none, sorry, it's a great analogy.
• Make a lab demonstration.
• I found it a little repetitive; however, it was very clear.
• Make a MATLAB® code we can play with to graph it on a computer and have the
students interact with it more and see how the graphs change in that sense.
(Author's Note: The sample MATLAB® program that is included in the Appendix of
this paper was distributed to the students as part of the manuscript of this paper.)
As expected, and as a good starting point for learning a new topic, the majority (12of19 or
63%) of the students had combined "very little" or "not at all" prior knowledge of steady-state
errors as indicated by the results for question #1 in Table II. And as the results for questions #2,
3, 4, and 5 indicate, the vast majority of the students found the car analogy to be helpful in
illustrating how an automatic control system can have a steady-state error, even if the system
could be built using perfect components, based solely on the nature of the system and its input.
Table II shows that the combined results for the "very much" and "acceptably" categories are

18/19 or 95%, 17 /19 or 89%, 19/19 or 100%, and 19/19 or 100%, respectively, for questions #2,
3, 4, and 5.
Based on student feedback, such as above, the author continues to refine and enhance the
nature and presentation of this car race analogy with each offering of the course. Since the
students have experience driving, or at least riding in cars, none of them have ever expressed any
written or verbal misgivings about the use of the car race analogy based on their gender, minority
status, nationality, etc. The goal is to provide a valuable conceptual understanding prior to
detailed analytical coverage of steady-state errors in control systems.
V. Summary
Through an illustrative car race example (or, if preferred, runners in track or cross country
events) that is familiar to students through life experiences, the author has presented a graphical
example that allows students to discover the origin and nature of steady-state errors that vary
with the system and input characteristics of control systems. This flexible example also enables
students to explore various compensation measures to reduce or eliminate such errors. As an
additional benefit, students can view the derivative and integral relationships between the sets of
graphs that relate displacement, velocity, and acceleration to complement and reinforce their
learning in calculus, physics, and engineering. This multi-faceted example is designed to appeal
to the preferred learning style of most engineering students, namely visual, sensing, inductive,
and active.
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Appendix
A sample MATLAB® program, used in this paper to generate the displacement responses of the
two cars to unit step inputs in Figure 2, is:
Ml= l;
Bl= 1;
Kl= O;
numl = [O 0 l];
den 1 = [M 1 B 1 K 1];
denl = conv(denl,[l]);
M2 = 1.25;
B2 = 1.25;
K2=0;
num2 = [O 0 l];
den2 = [M2 B2 K2];
den2 = conv(den2,[l]);
t=0:0.01:10;
step(num l ,den l ,t);
step(num2,den2,t);
yl = step(numl,denl,t);
y2 = step(num2,den2,t);
y3=yl-y2;
plot(t,yl ,'k-',t,y2,'k--',t,y3,'k:','Line Width', 1.5)

x = t;
xlabel('Time')
ylabel('Displacement')
legend('Car 1 Displacement','Car 2 Displacement','Displacement Difference','Location','Best')

